Abstract: Mining typically involves extensive areas where environmental monitoring is spatially sporadic. New remote sensing techniques and platforms such as Structure from Motion (SfM) and unmanned aerial vehicles (UAVs) may offer one solution for more comprehensive and spatially continuous measurements. We conducted UAV campaigns in three consecutive summers (2015)(2016)(2017) at a sub-Arctic mining site where production was temporarily suspended. The aim was to monitor a 0.5 km 2 tailings impoundment and measure potential subsidence of tailings. SfM photogrammetry was used to produce yearly topographical models of the tailings surface, which allowed the amount of surface displacement between years to be tracked. Ground checkpoints surveyed in stable areas of the impoundment were utilized in assessing the vertical accuracy of the models. Observed surface displacements were linked to a combination of erosion, tailings settlement, and possible compaction of the peat layer underlying the tailings. The accuracy obtained indicated that UAV-assisted monitoring of tailings impoundments is sufficiently accurate for supporting impoundment management operations and for tracking surface displacements in the decimeter range.
Introduction
Mining produces significant amounts of waste materials, and the volume of waste products is expected to increase in the future as lower grades of ores are utilized in mining [1, 2] . One of the waste types produced is tailings, which comprise solid particles from mineral extraction and a mixture of water and additional components such as coagulants and flocculants. Tailings impoundments pose one of the most significant environmental risks in mining areas [2, 3] . In particular, conventional storage of tailings in the form of a slurry can pose high environmental risks depending on the quality of tailings, due to potential water seepage, spills, and dam collapses. One option to reduce unwanted impacts on the surrounding environment is to store tailings in a drier format, using paste or cake techniques. Several authors discuss such techniques [4] [5] [6] [7] [8] , the general principle of which is to decrease the water content of tailings using thickeners or filters. Dewatering changes the tailings continuum from a low-viscosity fluid to a more paste-like state. At the same time, it affects the behavior of the tailings, e.g., the consolidation rate (decrease in volume due to expulsion of water) and the stability of the tailings stack [5] . The paste technique is claimed to have numerous advantages compared with conventional slurry deposition, such as increased deposition angle, decreased land footprint, less frequent need to raise the embankments, fewer seepage and stability issues, and less segregated material [8, 9] . However, research on the effects of cold climate conditions on paste storage is currently limited [2, 10, 11] . Moreover, deposition of tailings using the paste technique requires more investment and a higher degree of mine management compared with the conventional slurry storage approach [2, 8] .
Stringent regulations place high demands on proper design and management of tailings disposal procedures. Thus, long-term storage facilities could benefit from more effective monitoring methods during every step of the mine life cycle. Rico et al. [3] reviewed mine dam failures and noted that the most common cause of failure was meteorological events, such as extreme rain and snowmelt. The second most common cause was poor management. Freezing temperatures in cold climates, as in sub-Arctic or Arctic regions, can cause issues such as formation of permafrost within the impoundment. Permafrost can increase the strength of tailings while the matrix remains frozen, but upon thawing (e.g., due to climate change or particularly warm summers) it can have severe negative consequences for the stability, especially in the case of upstream embankment raising [10] . Another noteworthy problem is the high cost of maintenance of tailings dams after mine closure [3] . The behavior of tailings is very complex and can be affected by process modifications, flocculation, sedimentation, consolidation, segregation, deposition, freeze-thawing, and desiccation [12] . Therefore, use of modern remote sensing techniques to support conventional geotechnical measurements in the impoundment-scale monitoring of tailings could improve the management of tailings, and extend existing knowledge of tailings behavior.
Unmanned aerial vehicles (UAVs) can enable cost-and work-efficient surveillance of waste facilities [13] [14] [15] [16] . UAVs and Structure from Motion (SfM) photogrammetry-a low-cost topographical survey technique developed from computer vision and conventional photogrammetry techniques-have gained popularity as a fast and flexible data acquisition system that can be used to produce orthomosaics and 3D models [13] [14] [15] . Recent reviews on UAVs and their utilization in topographical mapping are provided by Colomina and Molina [13] and Nex and Remondino [14] . UAV-SfM has recently been applied in mapping surface displacement in various fields, such as glaciology and landslide monitoring [17] [18] [19] [20] [21] [22] . However, most mining-related research utilizing UAVs has focused on mapping open pit and stockpile geometry [23] [24] [25] [26] [27] , and, to our knowledge, there is no published, peer-reviewed research addressing the utilization of UAVs in the context of mine tailings.
The main purpose of the present study was to determine the potential for utilizing UAVs in monitoring a tailings impoundment. Specific objectives were to monitor movements in the surface of the tailings deposit (e.g., due to settlement) and to gain a better understanding of using the UAV-SfM method in a sub-Arctic climate. Four field measurement campaigns using UAV platforms were performed to collect data, during September 2015 to August 2017. Global Navigation Satellite System (GNSS) measurements were performed to assess the accuracy of the UAV data. The SfM technique was used for producing orthomosaics, digital elevation models (DEMs), and point clouds. The settlement of tailings was estimated by generating DEMs of Difference (DoDs). The accuracy of the DEMs relative to GNSS measurements was assessed. Finally, the results and accuracy of the measurements, the limitations due to the sub-Arctic location of the study site, and the potential for utilizing UAVs in monitoring of tailings impoundments were considered.
Study Area
The study site, the Laiva mine, is located in central Finland, about 200 km south of the Arctic circle (Figure 1 ). Mining for gold and other metals started at the end of 2011 and was suspended in March 2014 due to low gold prices. The nearest weather station (Revonlahti, approximately 25 km to the north) indicates a 30 year (1981-2010) mean monthly temperature for the region of +15.9 • C in July and −9.3 • C in January, with the values staying below zero from November to March [28] . The area has snow cover for roughly six months of the year (November to April) and mean annual precipitation of 540 mm [28] . The presence of soil frost generally coincides with the cold and snowy months, with onset of frost around November, when the mean daily temperature drops below zero, and frost-free soil by mid-May, when the insulating snow cover has melted and air temperature stays above zero.
In situ measurements indicate that soil frost can extend to 70 cm or deeper, depending on the soil texture and winter weather conditions (e.g., temperature, depth of snow cover). The tailings impoundment is situated 6 kilometers from the processing plant, in the Vasaneva peatland. The current suspension of production at the mine provides an excellent opportunity to monitor changes in the tailings facility without the input of new material. The tailings impoundment area is approximately 0.5 km 2 (length around 1 km, width around 0.5 km). The thickness of the tailings deposit varies across the impoundment, from a few meters up to around 10 m (average around 5 m). As the operation of the mine was short-lived prior to suspension of production, the overall size of the impoundment is small compared with typical tailings impoundments. The tailings in the facility are classified as sandy clayey silt (EN ISO) and the disposal method has varied over time from thickened to paste tailings, depending on the water content achieved in the thickening process. During active production, three main pumping stations were used inside the ring-dyke impoundment and the location of pumping alternated between these stations during operation.
Materials and Methods

UAV and Field Measurements
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The four UAV field measurement campaigns were carried out in September 2015, July 2016, June 2017, and August 2017 ( Table 1 ). The first campaign was conducted on 9 September 2015, using a Cryowing Scout fixed-wing UAV (produced by Norut, Tromsø, Norway) carrying a 12 megapixel (MP) Canon Powershot SX260 HS camera (Canon Inc., Tokyo Japan). The flight height was approximately 300 m and the average ground speed was~20 m/s. A total of 664 photos were acquired, with ground resolution of about 10 cm/pixel, covering an area of about 2.8 km 2 that included some of the surrounding forest and peatlands. The second campaign was conducted on 28 July 2016, using an Observer fixed-wing UAV (produced by Aranica AS, Tromsø, Norway) and an 18 MP Canon EOS M camera (Canon Inc., Tokyo, Japan) with a 22 mm lens (~35 mm full-frame equivalent). This time, the flight height was set at 150 m and the average ground speed was~15 m/s. A total of 376 photos were acquired, with ground resolution of about 3 cm/pixel. During the 2015 and 2016 campaigns, a total of 12 (2015) and 15 (2016) ground control points (GCPs) were measured with a Topcon GR-5 RTK GNSS receiver (Topcon Positioning Systems Inc., Tokyo, Japan) ( Figure 2 ). The GCPs were either painted or plastic/wooden targets installed on the surface. Table 1 . Field measurement campaigns, utilized equipment, and key parameters. The focal length is given as full-frame equivalent length. GNNS refers to the Global Navigation Satellite System receiver utilized in surveying the ground control points (GCPs). (2015) and 15 (2016) ground control points (GCPs) were measured with a Topcon GR-5 RTK GNSS receiver (Topcon Positioning Systems Inc., Tokyo, Japan) ( Figure 2 ). The GCPs were either painted or plastic/wooden targets installed on the surface. Table 1 . Field measurement campaigns, utilized equipment, and key parameters. The focal length is given as full-frame equivalent length. GNNS refers to the Global Navigation Satellite System receiver utilized in surveying the ground control points (GCPs). During summer 2017, two UAV surveys were performed at the site: the first on June 6 and the second on August 8. These surveys used an Aerotekniikka M-017 fixed-wing UAV (produced by Maailmasta Oy, Oulu, Finland) and a professional-grade Sony Cyber-shot DSC-RX1R II (Sony Corporation, Tokyo, Japan) mirrorless camera with a 42 MP full-frame sensor and 35 mm fixed lens. The flight height for both surveys was approximately 150 m and the target flight speed was 14 m/s. During the June and August campaigns, 894 and 711 images were collected, respectively. The GCPs during the 2017 surveys were measured with a Satlab SLC multi-purpose RTK GNSS receiver (Satlab Geosolutions AB, Askim, Sweden). During the June campaign, 20 GCPs were collected (Figure 2 ). During the August campaign, 11 new GCPs were collected and eight existing sufficiently well-preserved GCPs were reused (from June 2017).
In addition to the UAV campaigns, field measurements were performed during 2016 to collect ground-truth data. A Trimble R8 RTK GNSS receiver (Trimble Inc., Sunnyvale, CA, USA) was utilized to collect 189 GNSS ground checkpoints in the service roads and dams surrounding the impoundment (Figure 2 ). These areas can be assumed to be relatively stable and, thus, the measurements can be used in estimating the quality of data produced with the SfM approach.
Data Processing
The photos from each campaign were processed using Agisoft Photoscan (Agisoft LLC, St. Petersburg, Russia), which employs an SfM photogrammetry technique to produce dense point clouds, digital elevation models (or more precisely, digital surface models), and orthomosaics. The SfM technique is described in detail by, e.g., Carrivick et al. [29] and Westoby et al. [30] . GCPs were used to improve orthorectification (Table 2 ). For one of the GCPs collected during 2016 and for one collected during August 2017, the distances between the input coordinates and the coordinates estimated from the images (i.e., the estimated orientation errors) were found to be an order of magnitude higher than for other points and they were discarded during the processing. Co-registration of the different point cloud datasets was performed in CloudCompare [31] with manual adjustment and the inbuilt "fine registration" tool that utilizes the Iterative Closest Point (ICP) algorithm. The approach was (i) to create masks highlighting the presumably stable service road built on top of the embankment dam that surrounds the impoundment; and (ii) to utilize the corresponding point cloud segments in the fine registration. Easily recognizable topographical landmarks were first utilized in manual improvement of the horizontal co-registration, and then fine registration with ICP was used iteratively to find a better vertical co-registration. Finally, the iterated transformation matrices for the road segments were used in co-registration of the full datasets.
The June 2017 data was used as a baseline for co-registering the point clouds as well as the gathered 189 GNSS checkpoints. After co-registration, statistics on point-to-point differences between the point clouds were exported for further analysis. The point cloud datasets were converted to full resolution DEMs and the data quality was assessed by point-to-raster comparison with the GNSS ground checkpoints in ArcGIS 10.5 (Esri Inc., Redlands, CA, USA). Finally, 1 m/pix resolution raster DEMs were generated in order to simplify data visualization and smooth out outliers. DEMs of difference (DoD) highlighting the amount of ground displacement were generated in ArcGIS 10.5 by calculating the pixel-by-pixel elevation differences between individual elevation models:
where Z ij,1 is the elevation of pixel ij during time t 1 , Z ij,2 is the elevation of pixel ij during time t 2 , and t 2 > t 1 .
Results
Orthomosaics and Digital Elevation Models
The first-level data products generated from the UAV campaigns were very high resolution orthophotos, dense point clouds, and raster DEMs (e.g., Figures 2 and 3) . The ground resolution achieved for the products generated improved from 2015 to 2016 and further to 2017, due to reduced flight height and improved camera quality. The improved ground resolution was accompanied by improved vertical accuracy, as indicated by comparison between the ground checkpoints and the corresponding DEM values highlighted in Table 3 and Figure 4 . The mean errors presented in Table 3 give some indication of the global misalignments that remain after the data co-registration, whereas the mean absolute errors better highlight the internal accuracy of individual DEMs.
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Orthomosaics and Digital Elevation Models
DEMs of Difference
DEMs of Difference (DoDs) between the September 2015 and June 2017 datasets ( Figure 5A ), and the June 2017 and August 2017 datasets ( Figure 6A ) were generated according to Equation (1). The 2016 dataset suffered from sub-optimal overlap among the aerial imagery surveyed. Although the dataset seemed quite accurate initially, even when compared against the GNSS ground checkpoints, it was eventually discovered to contain processing errors that manifested as easily distinguished banding in the DoDs generated. Thus, the 2016 dataset was discarded from the subsidence analysis.
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Discussion
Results and Accuracy
The largest values of apparent subsidence (up to +80 cm in the 2015-2017 DoD; Figure 5A ) seemed to be generally related to dendritic erosion patterns, small pools of water, and dead treetops. Some of the apparent subsidence might derive from true erosion, due to, e.g., precipitation and snowmelt, but it is probably related at least partly to the ability of the higher-resolution DEM for June 2017 (5 cm/pixel) to represent fine surface features more accurately than the lower-resolution DEM for 2015 (20 cm/pixel). Unfortunately, no ground truth data were available to validate the amount of tailings subsidence. However, it is noteworthy that the distribution of point-to-point distances for the presumably stable service road centered around ±0 cm change, whereas for the tailings surface the distribution shifted +30 cm towards subsidence in 2015-2017.
Considering the total thickness of the tailings deposit (up to~10 m) and the time since the last deposition (2014), the values of apparent subsidence (up to +80 cm) seem somewhat high to be caused simply by tailings consolidation. However, the general trend in subsidence was at least in the expected direction and values closer to the distribution peak around +30 cm are more easily explained by tailings consolidation and settlement. It should also be noted that the tailings were deposited on top of a natural peat layer at least 1 m thick that can also undergo compaction. Peat soil is strongly compressible under load and it can continue to settle for a considerable time, thus causing some of the measured subsidence. The subsidence could also be affected by groundwater fluctuations and repeated freeze-thaw cycles which, depending on winter conditions, can affect at least the top 70 cm of the tailings. Freezing and thawing are known to compact soil materials and to increase the rate of consolidation [11] . The subsidence detected appeared to be less severe along the edges of the impoundment. This might be due to some degree to data uncertainty, as is evident in the distribution of vertical point-to-point distances for the service road ( Figure 5B ). It might also be partly related to initially lower thickness of the tailings deposit, and consequently lower potential for consolidation-related settlement of the tailings and less compression of the underlying peat. An additional cause might be migration of materials from the middle of the impoundment towards the lower elevation edges, due to creep and/or, e.g., wind, rain, and snowmelt-related erosion.
Little to no observable change was expected between the June 2017 and August 2017 measuring campaigns, as the period between the surveys was short and the rate of consolidation is likely to have declined significantly since the end of tailings deposition in March 2014. Thus, the DoD for the 2017 datasets should give some indication of data reproducibility, as the gear and flight parameters used remained constant between the campaigns. With regards to uncertainty, the standard deviations for the 2017 road and tailings DoDs were 4.4 cm and 4.7 cm, respectively, which is greatly reduced from the 11.0 cm standard deviation obtained for the 2015-2017 road dataset. In a previous study, Clapuyet et al. [32] concluded that, all parameters being equal, the reproducibility of topographical UAV-based SfM measurements is very high and that the main limiting factor with regard to accuracy is the GNSS system used in surveying the georeferencing targets. The manufacturers report the accuracy of the RTK GNSS devices used in the present study to be generally around a few centimeters. Thus, the accuracy of the final models in our case was somewhat lower than the presumed GCP accuracy.
Numerous recent studies have focused on the accuracy, reproducibility, and optimization of UAV surveys utilizing SfM in variable locations [32] [33] [34] [35] [36] [37] [38] [39] and can provide some insights. The accuracy is generally considered to be affected by various parameters, including camera parameters (e.g., focal length, sensor resolution, and exposure time), acquisition parameters (e.g., flight height and ground control network), environmental parameters (e.g., solar illumination and weather), and processing settings [40] . Also, the characteristics of the UAV (e.g., stability, velocity) can have an influence on the accuracy. It is important to note that different validation studies focus on slightly different aspects of accuracy and precision, and also utilize different types of validation methods [29] . Validation studies utilizing point-to-raster comparison (as was the case in this study with the 189 ground checkpoints) generally seem to provide much higher root-mean-square errors (RMSEs) than raster-to-raster or point-to-point comparison [29] . Furthermore, based on 50 validation studies, Carrivick et al. [29] demonstrated a clear increase in RMSE as the survey range and area increases.
Agüera-Vega et al. [33] conducted an accuracy assessment with variable terrain morphologies, flight heights, and GCP configurations. The number of GCPs clearly influenced the horizontal accuracy, with an increased number providing improved accuracy [33] . The vertical accuracy was not influenced by terrain morphology, while both flight height and number of GCPs had a significant influence on the RMSE of the vertical component, with lower flight heights giving higher accuracy [33] . Clapuyet et al. [32] reported that increasing the number of GCPs beyond a certain (area-dependent) number provided only negligible improvements in vertical accuracy. Tonkin and Midgley [35] showed that increasing the number of GCPs beyond a certain number can even increase the vertical RMSE if the positional accuracy of the survey equipment is variable, and highlighted the importance of a uniform spatial distribution of GCPs if highly accurate data are required.
In both of our 2017 surveys, the GCPs near the middle northern portion of the service road were the least accurate points reported by Agisoft Photoscan during processing. Some of the strongest inaccuracies in the final models were also detected in this area when compared against GNSS ground checkpoints. The origin of the inaccuracies in the southeastern corner, on the other hand, was not clearly apparent in the processing report. Increasing the number of GCPs could have improved the accuracy although, as indicated by the literature, would not always do so. With further processing, one remedy could be to try different combinations of GCPs to find the best fit to the ground checkpoints and also otherwise optimize the processing parameters [38] .
A further practicality is the flight height, which affects the resolution, flight time, and processing requirements. In the case of a >1 km 2 survey area (as in this study), a minimum flight height of 150 m is recommended in order to avoid extremely large datasets and long processing times while providing sufficient coverage [29] . Furthermore, local UAV regulations should be considered. For example, in Finland, exceeding the flight height of 150 m with a UAV requires a permit from the Finnish Transport Safety Agency. Improved camera quality (in 2017) clearly affected the data accuracy, as shown in Figure 4 . A similar effect has been reported by, e.g., Mosbrucker et al. [39] , who found that improving the information capacity of the camera system (12 megapixel, 380 mm 2 sensor replaced by 36 megapixel, 860 mm 2 sensor) increased the pixel matching quality, resulting in eightfold greater point density, sixfold greater accuracy, and 50% better precision. Further regression analysis of 67 datasets and related survey metrics from 16 validation studies indicated that photographic scale is the best explanatory variable to predict the accuracy of SfM data [39] .
Another uncertainty in the present case was the stability of the service road, since there is no definitive certainty that the road has remained stable over the years. However, it is reasonable to assume that the road is among the most stable portions of the structure, considering that it is built on top of glacial till instead of peat and that stabilization work is typically performed in order to ensure stability under vehicle and machinery traffic. The same applies for the outer dams of the impoundment, which were utilized in surveying some of the ground checkpoints. As the road was utilized in co-registration of the datasets, it is at least possible to conclude that the tailings surface has moved relative to the road.
Application of UAVs for Monitoring Tailings Inpoundments
Tailings storage facilities can cover vast areas and thus require a comprehensive and widespread environmental monitoring system. Each impoundment is unique, tailor-made, and designed. Furthermore, the safety of the impoundment must be ensured by economically feasible means. Overall, the management of tailings impoundments needs several measurement methods for different monitoring purposes. The results from our case indicate that UAVs could be useful, fast, and cost-effective in monitoring the movement of paste tailings in the decimeter range. In the active mine phase, it is economically important to monitor the tailings storage volume in the impoundment and to optimize the disposal technique. The UAV-SfM method can be a useful tool for (i) mapping a tailings surface profile; (ii) calculating impoundment storage capacity; and (iii) predicting future needs more specifically, e.g., the need to raise surrounding dams or other maintenance work. From a geotechnical perspective, the UAV-SfM method can help to optimize the disposal scheme, e.g., it can help decide where to pump the tailings in the impoundment in order to use the storage capacity as efficiently as possible and check the tailings surface slope. The method is suitable for monitoring changes in the tailings surface, but it does not ultimately explain the reason for the changes.
The potential use of the method in management of tailings impoundments is not limited to the active phase. Tailings impoundments have to be closed safely and normally a cover is built above the impoundment to protect and minimize environmental effects. After closure of a mine, regular monitoring with UAVs could help map long-term scale settlements and movements in the tailings impoundment(s). UAVs can also be used early in the design phase for mapping potential locations for a tailings impoundment.
Another key issue related to tailings impoundments is dam safety. While dam safety is governed by different laws, safety guidelines, and industry standards, further improvements are needed to avoid the environmental disasters that still occur [2, 3] . Dam safety is a key issue around the world and better monitoring methods are needed. As mine tailings areas are vast, dams can be several kilometers in length, but the required accuracy in monitoring dams for possible movement is typically in the range of millimeters up to a few centimeters. Thus, the accuracy achieved in this study with the UAV-SfM method limits its potential use to monitor tailings dam safety. For remote sensing of tailings dams, it could therefore be more reasonable to focus on utilizing, e.g., satellite-based differential radar interferometry, which can detect displacements in the millimeter range, although the spatial resolution is generally much lower (meters to tens of meters) [41, 42] .
Use of the UAV-SfM method in the field also has some limitations. For example, in sub-Arctic conditions, the time window for measurements is restricted. Snow cover obscures the surface visibility and the tailings surface can be covered with snow for many days per year (around six months at the study site). This means that the UAV-SfM method cannot replace other monitoring activities during wintertime. Heavy precipitation and snowmelt water cover can also prevent or limit UAV measurements. Furthermore, possible problems that can go unnoticed until data processing (e.g., inaccurate or too scarce GCPs) should be considered when working in areas to which access is restricted. One option would be to produce a low-quality model in the field and make supplementary measurements when needed. For the method to be applied in regular maintenance operations and UAV-supported monitoring by mine staff or authorities, the workflow and processing could be streamlined, e.g., in regular operation it would be practical to use fixed and accurately measured GCPs, and the flight, camera, and processing parameters could be optimized over time through experience. Thus, a greater focus on quality control and quality assurance (QA/QC) could help standardize the use of UAVs in monitoring mine environments.
Conclusions
UAVs and SfM-generated digital elevation models were utilized in monitoring a tailings impoundment and movement of the tailings surface during three consecutive summers (2015-2017). Point-to-raster comparisons between the DEMs produced and ground checkpoints indicated that vertical mean absolute error clearly decreased from 2015 (10.8 cm) to 2017 (2.8-3.5 cm), mainly owing to improved ground resolution (camera quality and flight height) and an increased number of GCPs. Utilization of stable areas such as service roads in data co-registration proved to be a suitable method for fine registration and mapping of relative changes.
The largest apparent subsidence values (+80 cm) in the 2015-2017 subsidence map produced seemed to be linked partly to erosional features, indicating actual erosion, and partly to differences in resolution between the datasets. The observed general trend in subsidence (mean 29.4 cm) was probably related to tailings settlement and compaction of the underlying peat layer. Data uncertainty for the 2015-2017 DoD as indicated by standard deviation was around ±11 cm, strongly reflecting the lower resolution and accuracy obtained during 2015. The two measuring campaigns performed during 2017 showed that by improving camera and ground control network quality, and generally using fixed settings and gear, it was possible to reduce the DoD standard deviation down to the ±5 cm range. The accuracy obtained for the DEMs and DoDs indicates that UAV-assisted monitoring of tailings impoundments is sufficiently accurate for management operations such as volume calculations and tracking surface movement in the decimeter range.
